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INTRODUCTION

In high voltage work, discharges thru the air between con-
ductors and over and thru insulators can be prevented only with
the aid of ample knowledge of their characteristics. Discharges
produced by low (audio) cycle voltages for given conditions are
now fairly generally understood. In radio telegraphy, high
(radio) frequency damped and sustained high voltage waves are
employed. Accidents, including lightning, produce in high
voltage power circuits, in the long run, almost every conceivable
high voltage transient. Such transients may vary from a simple
over-voltage at normal frequency thru all possible impulses and
damped oscillations to perhaps a briefly sustained high frequency
high voltage wave train. Little is known as yet of the relation
between discharge distances and voltages of the various sorts
just specified. The evidence so far accumulated indicates that
for given values of maximum voltage, the discharge distances are
almost independent of the characteristic variation of the voltage
whenever the critical corona voltage is higher than the discharge
voltage. It indicates, too, that the discharge distances are
dependent upon the characteristic variation of the voltage when-
ever the critical corona voltage is below the discharge voltage.
In regard to the latter condition, this evidence indicates further
that the discharge distance will be longest when the voltage
source or transient is most sustained, or when its frequency
is the highest or when both of these characteristics are present.
It follows that discharge distances should be found a minimum
for low frequency high voltages and a maximum for sustained
high (or radio) frequency high voltages. It thus appears that
voltages which can be formed by accident may discharge thru

* A paper presented before a joint meeting of The Institute of Radio En-
gineers and The American Institute of Electrical Engineers, San Francisco,
September 16th, 1915.
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greater distances and do more damage than the same values of
voltages as used in most commercial work. The following
experiments were undertaken as a reconnaissance in this region
of high voltage phenomena.

DISCHARGE INTO THE ATMOSPHERE FROM A SINGLE
ELECTRODE

One- terminal of a sustained high frequency high voltage
sourcel was grounded, the other was a 1-inch (2.5 cm.) copper tube
capped with a hollow copper sphere 2 inches (5 cm.) in diameter.
This spherical end of the high voltage terminal was mounted
properly remote from all grounded objects. When a voltage
of 50,000 at 88,000 sustained cycles was applied, a dry redwood
stick was brought near to the sphere and then removed. A
spark passed from the sphere to the stick and immediately grew
into a heavy brush discharge. See Figure 1. It consisted

FIGURE 1

essentially of an active mass of darting streamers. The charac-
ter of this mass varied from that of a combustion flame at the
base to the familiar static discharge at the extremities. We
have been able to determine with a fair degree of approxima-
tion (by measurement correct to within ten per cent.) that
the rate of energy supply in the discharge from the electrode,
illustrated in Figure 1, was about one kilowatt. It is charac-

I Described in "Sphere Gap Discharge Voltages at High Frequencies," by
J. Cameron Clark and Harris J. Ryan, " Proceedings of the Am. Inst. Elee.
Eng'rs," June, 1914, Vol. XXXIII, page 937.
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teristic of this high voltage, radio frequency discharge, that it
consumes a large amount of power; and if that power is not
available, a discharge will not develop. It may start to de-
velop and one may see some brush momentarily, but not the
actual discharge. No "flashing-over" effect will be produced
unless plenty of power is available. The discharge averaged
about 10 inches (25 cm.) in length, was rather bright, produced
a hissing, roaring sound, and was not accompanied by the
familiar odor of ozone that is formed by the less violent audio
frequency or intermittent radio frequency discharges. It is
easily blown about by air currents. It may be blown by the
breath from place to place on the ball. It can be fanned with
a hat from the ball back along the 1-inch (2.5 cm.) conductor,
and put out as it is driven into the region of lower capacity in
the vicinity of the conductor, that is, where the fields are less
intense and where the energy cannot be delivered at the rate
that the flame or the discharge requires.

A modification of the above experiment was arranged to
enhance the flame-like portion of this discharge, and to eliminate
most of the "brush" part. A circular metal disk 16 inches
(40 cm.) in diameter, provided with a 3-inch (7.5 cm.) hole at
its center, and with 4-inch (0.6 cm.) guard tubing facing
all edges, was hung centrally over, and about 3 inches (7.5 cm.)
above the 2-inch sphere (5 cm.) terminal by means of non-
conducting supports. Figure 2 is a photograph of the steady
flame-like discharge that occurred from the sphere to the plate.
This photograph was naturally obtained by a legitimate arti-
fice. In the laboratory, everything was dark when the first
exposure was made and the flame photographed; and then by
using some flash-light powder, all the apparatus was illumi-
nated so that it could be photographed also. The flame, tho
very strong, gives off no great amount of luminous radiation.
The voltage and frequency were the same as before, viz.,
50,000 and 88,000. The temperature of this flame was high.
It melted quartz, rapidly disintegrated a tungsten lamp filament,
and formed a bead on the end of a Nernst lamp filament. The
metal of the electrodes was not greatly heated, and little or no
metallic vapor appeared to enter the arc stream.

This flame discharge is not stable under all conditions. For
example when the inductance and capacity of the disk were
increased by placing in contact with it one end of an insulated
1-inch (2.5 cm.) copper tube 4 feet (1.2 meter) long, the flame
discharge was no longer quiet and stable, but became noisy
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and snappy, tending to develop into an intermittent disruptive
discharge. The flame became unstable also when the electrode
gap length of the arc generator was too short in adjustment.
It appeared to be identical with the flame-like portion of the

FIGURE 2

heavy brush discharge of Figure 1. Time did not permit a
study of the extent to which the combustion of nitrogen was
taking place in the flame. It seems as tho something of the
sort is occurring for the reason that ozone is not in evidence
when this discharge occurs.

The ability of the radio frequency brush to produce thermionic
conduction thru glass, porcelain, quartz and all similar refrac-
tory insulations is perhaps its most remarkable property. This
is illustrated by bringing any mass of high grade electrical
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porcelain near to or in contact with the sustained radio frequency
electrode. In an actual case, the electrode was a -inch
(1.2 cm.) aluminium tube laid in the top groove of a 33 kilovolt
porcelain line insulator that was itself placed on an insulating
support and mounted remote from all objects of opposite or
ground potential. On the application of 35 kilovolts at 200,000
cycles, the air between the tube and insulator was overstressed,
small flame discharges conducted the insulator charging currents
to the porcelain surface where one or more brilliant hot spots
would appear in about 30 seconds. Further study developed
the fact that these hot spots were the heads of corresponding
hot conducting cores that extended into the depth of the porce-
lain, thus establishing by conduction new routes for the delivery
of the charging currents taken by the porcelain mass. No
insulation that supports a conductor charged with high voltage
at sustained high frequencies can endure, unless it is so designed
that not a particle of air or other gas in contact with it is over-
stressed under actual working conditions. The Fortescue
and Farnsworth principle can be employed in the design of such
supporting insulators so as to suppress all overstress of air
adjacent to the porcelain or other solid dielectric.'

SUSTAINED RADIO FREQUENCY CORONA ABOUT A WIRE

The general arrangement of the equipment employed for
the sustained radio frequency corona study is shown in the
diagram of Figure 3; and a photograph thereof in Figure 4.
The corona was formed around a number 19, B. & S. gauge
clean copper wire* held axially in a galvanized iron cylinder,
15 inches (38.1 cm.) in diameter and 35 inches (88.9 cm.) long.
Twelve (12) inches (30 cm.) of the wire at the center of the
cylinder were normally left clear, and the remainder was shielded
by two brass tubes 7-16 inch (1.1 cm.) in diameter. A third
tube 12 inch (1.2 cm.) in diameter was arranged to slip over the
central portion of the wire, and shield that too when desired.
In this manner the corona could be suppressed, or it could be
allowed to develop by removing the copper tube from the wire,
and thus greatly increasing the stress on the atmosphere ad-
jacent to the wire (because of the smallness of the wire circum-
ference). We could thus check up the accuracy of the cath-
ode ray power measuring meter.

I "Air as an Insulator when in the Presence of Insulating Bodies of Higher
Specific Inductive Capacity," C. L. Fortescue and S. W. Farnsworth, "Trans.
Am. Inst. Elec. Eng'rs," 1913, Vol. XXXII, page 893.

* Diameter of wire = 0.036 inch = 0.092 cm.
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Various voltages up to about 30 kilovolts, (root-mean-square),
were impressed on the wire at sustained radio frequencies of
88,000 and 188,000 cycles per second; also at 60 cycles per
second for comparisons. The appearance of the coronas at
radio and audio frequencies differed greatly, while those at the

f~~~~~~~

FIGURE 3-Diagram of Connections for Sustained Radio Frequency
Corona Investigation

1-Are Generator 8-Corona Wire
2-Air Inductance 9-Cylinder
3-Air Condenser 10-Potential Tapping Cvlinder
4-Resistance 11-Potential Tapping Plate
5-To 1200 Volt D. C. Supply 12-Cyclograph Quadrants
6-Sphere Gap Voltmeter 13-Guard Plates
7-Carborundum Resistance 14-Carbon Lamp Resistance

15-60 Cycle High Voltage Transformer

two radio frequencies differed only slightly. That is to say,
the enormous difference in corona at radio frequencies and at
audio frequencies such as 60 cycles, is a difference that has
come about perhaps gradually on the way up from 60 cycles to
some such value as 50,000 cycles. At all events, to double, or
a little more than double the frequencies when one is operating
at a frequency of as high as 80,000 cycles, produces very little
effect on the character of the phenomenon. The radio fre-
quency corona appeared very active, it was quite brilliant and
noisy and gave off an appreciable amount of heat. At 30
kilovolts the average diameter of the radio frequency corona
was about 2 inches (5 cm.) whereas that at the audio frequency
appeared to be less than 1-8 inch (0.3 cm.). A photograph of
these coronas is reproduced in Figure 5. Two exposures were
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made on the same film; on the left is a 1-second exposure to
the corona about the wire at 19.5 kilovolts and 188,000 cycles,
while on the right is a 120-second exposure to the corresponding
corona formed at the same voltage and 60 cycles. The camera
was moved so as to separate the two images. In the original
photograph the difference is very striking. Not only was the
exposure 120 times as large, but the result was very nearly as
many times less. The action is therefore a vastly more in-
tense one.

FIGURRE 5

Some observations were made to determine the relative
values of the voltages required to start corona about the wire
at 188,000 cycles and at 60 cycles. All voltages were determined
with the same 5-inch (12.7 cm.) spherical gap.* Attention is
called to the lack of information that we have as yet in regard

* Little has been published as yet in regard to the standardization of the
sphere-gap for the measurement of radio frequency voltage. It appears likely
that not much more than a beginning has been made. Until such standardi-
zations are available, the spherical gap will serve quite well as a radio frequency
voltage gauge for purposes of record and comparison. The working scale for
the 5-inch (12.7 cm.) spherical gap used herein was arbitrarily chosen as the
one determined at radio frequencies for a 7-inch (17.8 cm.) spherical gap with
the neutral of the voltage source grounded. Loc. Cit. No. 1; also " Dielectric
Phenomena in High Voltage Engineering," by F. W. Peek, Jr., page 107.
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to the standardization of these gaps. Our work has indicated
very closely that there is little difference between the indica-
tions that a sphere electrode gap will give for given values of
voltage at radio and at audio frequencies. However, for the
exact interpretation of the result as given here, the footnote
will be helpful. The density of the atmosphere was that due
to ordinary temperatures near sea level. Twelve and seven-
tenths (12.7) kilovolts were required to start the corona at
188,000 cycles and 13.2 kilovolts correspondingly at 60 cycles.
The indications of the sphere gap were here assumed to be in-
dependent of changes in frequency.

Cyclograms were taken of the energy consumed per cycle
in the corona about the wire at 60, 88,000 and 188,000 cycles
and at voltages ranging from 15,000 to 20,000 to determine
the relative power factors and the wave forms of the currents
flowing from the wire. The cathode ray tube was used in
taking these cyclograms. The details of the method used have
been given in the "Transactions of the American Institute of
Electrical Engineers."' The actual arrangement of the cyclo-
graph with its voltage and current condensers as used in the
present work is given in the diagram of Figure 3. Various trials
were made to determine that the cyclograph gave true indica-
tions within its limits of action when high frequency high voltage
was used. These trials were as follows. When the wire at
number 8, Figure 3, was screened from corona formation by
sliding the 12-inch (1.2 cm.) brass tube over it, the cyclogram
would close up into a right line loop without area. Thus arranged,
by inserting an ordinary incandescent lamp at number 14
the cyclogram would open so as to enclose a large elliptical area.
Again using the radio frequency high voltage, the effect in the
results due to the hysteresis or other loss in the glass of the
cathode ray tube was found to be negligible by noting that a
no-area cyclogram obtained with all four quadrants mounted
on the exterior wall of the tube remained as such when all con-
ditions continued the same except that one pair of quadrants
was mounted within the tube.

In Figure 6 sample cyclograms are reproduced. With the
aid of the lantern, enlarged images of these cyclograms were
thrown upon a sketching board and tracings carefully made.
Figure 7 was engraved from these tracings. The distortion
noted is due to the fact that the only suitable tube available

I "A Power Diagram Indicator," Harris J. Ryan, "Trans. Am. Inst. Elec.
Engin'rs," 1911, Vol. XXX, pages 1089-1113.
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for this sort of work was one of small size. To obtain sizeable
cyclograms, it was necessary to permit some distortion in their
lower portions. They are instructive, however, for they show
that the radio frequency corona current wave suffers less dis-

FIGURE 6

tortion than the corresponding audio frequency corona current
wave. They also show, under the conditions present, that the
power factor of the radio frequency corona current was about
one-quarter of the power factor of the corresponding audio
frequency corona current. The present work, however, as
stated in the introduction, is merely a reconnaissance of these
interesting phenomena. It will be profitable to have them
studied broadly and with great care, especially so with ample
and suitable facilities.

DISCHARGE BETWEEN BLUNT POINT AND PLATE

A needle point is promptly melted and burned by radio
frequency brush discharges. Only blunt points can be used,
therefore, to determine the radio frequency high voltages required
to discharge given distances when one electrode is or both
electrodes are in corona. The scheme employed in this set of
determinations is diagrammed in Figure 8 for the radio fre-
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quency or audio frequency discharges, a,nd in Figure 10 for
combined audio and radio frequency discharges. A photograph
of the electrodes and the sustained. radio frequency discharge
between them is reproduced in Figure 9.

.__N ar _I _______F.

~~~~~~I , _ T-___..___

FIGU I
Theblut_pintd eectod N t t h frequencyf~~~~~ -' I

,

ffy-c
t 1

FIGIuRE 7

The blunt pointed electrode connected to the high frequency
source was a square ended piece of number 12, B. & S. gauge
copper wire,* projecting axially from the main radio frequency
high voltage electrode, constituted as before of a 1-inch (2.5 cm.)
copper tube ended with a 2-inch (5 cm.) copper sphere. A
galvanized iron sheet, 3 feet (91.4 cm.) square, was used as the
grounded electrode. Carborundum resistances (see number 5,
Figure 8), were employed at strategic points to avoid short-
circuiting the machines that supplied the arc generator with con-
tinuous current. The 5-inch (12.7 cm.) sphere gap at number 4,
Figure 8, was used to measure all voltages. The sustained radio

* Diameter of number 12 wire = 0.081 inch = 0.21 cm.
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frequency voltages that produced discharges between the point
and plate also produced at slightly lower values heavy brushes

6

FIGURE 8-Diagram of Connections for Point to Plate Discharge
I-Are Generator 4-Sphere Gap Voltmeter
2-Air Inductance 5-Carborundurn Resistance
3-Air Condenser 6-Point to Plate Gap

that extended from the blunt point most of the distance to the
plate. In fact, the discharges seemed to occur only when the
brushes appeared to have fully bridged the space between the

FIGURE 9
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electrodes. Facilities were lacking for the measurement of the
large amounts of power that were evidently consumed in these
brushes.

The 60-cycle voltage source was substituted for the arc
generator in this sustained radio frequency point to plate dis-
charge equipment diagrammed in Figure 8; and voltage dis-
charge distance measurements were then made to compare with
the corresponding sustained radio frequency discharge distance

7 * 7 8

5_ 7

FIGURE 10-Diagram of Connections for Discharge with Combined Radio
and Audio Frequency Voltage

1-Arc Generator 5-Carborundum Resistance
2-Air Inductance 6-Point to Plate Gap
3-Air Condenser 7-Carborundum Protective Resistance
4-Sphere Gap Voltmeter 8-Protective Air Inductance

9-60 Cycle High Voltage Transformer

measurements. Likewise for comparison a few determinations
were made of the radio and audio cycle voltages required to dis-
charge from the same blunt point to a similar blunt point in lieu
of the galvanized iron plate.

The results obtained for the audio and radio frequency dis-
charges are charted in Figure 11; and for the composite dis-
charge values produced by the simultaneous application of
sustained radio frequency voltage from earth to the blunt point
and of 60-cycle voltage from earth to the plate are given in
Table I. Two forms of discharge occurred and are designated
"spark" and "arc" discharge. The former occurred at a some-
what lower voltage than the latter. The spark functioned to
discharge the main condenser of the radio frequency generator
and the arc to short circuit the 60-cycle and 1,200-volt direct
current sources. The sums, equivalents and differences recorded
also in Table I, and the values at corresponding differences
charted in Figure 12 assist one to understand the- parts that each
voltage took in forming the composite discharges.

361



It is of interest to note (see Figure 11), that whereas 135 kilo-
volts at 60 cycles were required to discharge 16 inches (40.6 cm.)
from the blunt point to the plate only 46.2 kilovolts were required
correspondingly at 88,000 cycles. An increase of 7.5 kilovolts
at 60 cycles was required by an increase of 1 inch (2.5 cm.) in

FIGURE 11-Point Discharge
A-Point to Plate, 88,000 Cycles C-Points, 88,000 Cycles
B-Point to Plate, 60 Cycles D-Points, 60 Cycles
NoTE-Radio Frequency Sphere Gap Voltmeter Calibration Used in all Cases.

the 15-inch (38.1 cm.) discharge gap while the corresponding
increase at 88,000 cycles was only 1.5 kilovolts. In other words,
as the length of a 15-inch (38.1 cm.) point to plate gap is increased
the amount of increase of 88,000 cycle discharge voltage is one-
fifth of that required at 60 cycles.

The composite discharge distances due to the combination
of audio and radio frequency voltages are virtually the sum of
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the distances thru which the individual voltages discharge.
In Table I, column 2, the radio frequency voltages alone would
have discharged the distances given in column 61, which when
subtracted from the actual discharge distances in column 1,
give the distances in column 7 as the added discharge distances
due to the audio frequency voltages in column 4. These audio
frequency voltages and the added discharge distances they caused
are charted in Figure 12. For comparison the A. I. E. E. standard

- FU-- Plot.- - -

-4a-- -E /

-5-O-- ba__ __.

FIGURE 12-Plot; to Accompany Table 1
For points marked thus-o Abscissas Represent Values in Column 7, Ordinates in Column 3
For points marked thus-O Abscissas Represent Values in Column 7, Ordinates in Column 4

A-Curve B of Figure 11
B-A. I. E. E. STANDARD Needle Gap Curve

needle gap voltage discharge curve and the 60-cycle point to
plate discharge curve of Figure 11 are also charted as curves
"B" and "A" in Figure 12. It is thus seen that the added dis-

I These distances were observed for the conditions shown in Figure 10, and
are not identical with distances for corresponding voltages observed for the
conditions in Figure 8 and charted in curve A, Figure 11.
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charge distances due to the superimposed audio frequency voltage
are practically the same as the corresponding discharge distances
produced by the identical audio frequency voltages acting alone.
In making this comparison, one must hold in mind the fact that
the added discharge distance caused by the superposition of the
60-cycle voltage should naturally be somewhat greater than the
discharge distance produced by such audio cycle voltage acting
alone; because in the former case, no initial voltage is required
to start corona at the blunt point; such corona is started by the
sustained radio frequency voltage.

The authors desire to acknowledge herewith the valuable
assistance rendered by their departmental co-worker Professor
J. C. Clark.

SUMMARY: 1. Sustained radio frequency corona brushes or flames once
started are maintained at much lower voltages than those required to start
them by overstressing and ionizing the atmosphere. They quickly destroy
even the most refractory insulations by their heating and ionizing properties.

2. The power factor of the charging current of a conductor in corona due
to the application of sustained radio frequency high voltage is decidedly
lower than the corresponding power lactor at audio frequencies. Neverthe-
less, because of the high values of the currents that produce the radio fre-
quency coronas, the losses they cause may be hundreds of times the corres-
ponding audio frequency losses.

3. The sustained radio frequency voltage required to discharge between
corona-forming electrodes may be as low as one-third of the corresponding
audio frequency voltage. At higher voltages this ratio will probably be found
to be less than one-third.

4. Sustained radio frequency and audio frequency voltages when com-
bined, discharge thru distances between corona-forming electrodes that are
substantially the sum of the distances thru which such voltages would dis-
charge when acting alone, due account being taken of their mutual aid in
starting the corona at one or both of the electrodes, as the case may be.
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TABLE I
Combined Radio Frequency and Audio Frequency Voltages;

Point to Plate Discharge

3 4
Audio Audio

Frequency Frequiency
Voltage Voltage

for for
Spark Arc

Discharge Discharge

.... ....

. 51

22

-... 22

23.5

12.5

33

. .

21.5

24.5

.

18.5

105

75

65

41

38

50
Sum
of the
R. F.
and
A. F.

Voltages
_

. . .

43

43

46

47

37

45

....

104

97

70.5

78.5

62

73

6 7
Discharge Difference,

Gap Column 6
Equivalent Subtracted
to Radio from

Frequency Column 1
Voltage

.... ...

....6

2.6 2.4

2.6 2.4

2.9 2.1

2.9 2.1

4.1 .9

4.1 .9

5.1

6.2

9.0

9.0

10.5

10.5

6.9

5.8

3.0

3.0

1.5

1.5

Radio Frequency Voltages at 88,000 cycles. All voltages in terms of five
inch (12.7 cm.) gap; the calibration being taken as Kilovolts (effective)
= 2 + 45.5X (Gap Distance in inches) = 2 + 17.9X (Gap Distance in cm.).
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1

Cap
Distance

in
Inches

5

5

5

5

5

5

5

12

12

12
12
12

12

12

12

12

2
Radio

Frequency
Voltage

in
Kilovolts

28.7

. .

21.2

21.2

22.4

22.4

26.4

26.4

42.9

29

31.8

37.5

37.5

40.3

40.3


